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1981.-Hormone-dependent adenylate cyclase activity was measured separately in the different nephron portions by combining the microdissection of collagenase-treated rabbit kidneys and the use of a single tubule enzyme microassay. The results obtained in the rabbit for vasopressin, parathyroid hormone, calcitonin, and isoproterenol are given and discussed. Each hormone stimulated adenylate cyclase activity in several well-localized segments of tubule according to a highly specific and reproducible pattern. Sharp transitions were generally noted between responsive and unresponsive nephron portions. In the rat kidney, the functional segmentation of the distal convoluted tubule was not as clearly delineated as in the rabbit kidney. Various nephron segments of the rat kidney were observed to contain glucagon-sensitive adenylate cyclase activity. When the results obtained for vaspressin are compared in rabbit, rat, mouse, and human kidneys, species differences are noted with respect to the responsiveness to arginine vasopressin in the medullary portion of thick ascending limbs of HenIe's loops. It is concluded that biochemical approaches can be used as a means of investigating problems dealing with kidney physiology very near the cell level. adenylate cyclase; vasopressin; enol; distal convoluted tubule parathyroid hormone; calcitonin; isoproter-
THIS LECTURE DEALS
WITH the sites of action for various hormones along the tubules of the kidney. To investigate this problem, we used the biochemical approach. With the discovery of CAMP by Sutherland 20 years ago, new prospects for research in endocrinology and cell biology have evolved.
Molecular Mechanism of Hormone Action
The molecular mechanisms by which hormones induce specific effects via CAMP production in their respective target cells were extensively investigated and clarified during the last 15 years by a number of biochemical laboratories. Figure 1 summarizes in a schematic way our current views of this problem. Hormone recognition by the target cell involves the presence in the cell membrane of receptor molecules (r) that reversibly bind hormone molecules (H) with high specificity and affinity. When formed, the hormone-receptor complex (Hr) activates adenylate cyclase through a coupling mechanism that is far from established at the molecular level.
Adenylate cyclase (AC in Fig. 1 sion of ATP into CAMP, which diffuses in the celI compartment where it is eventually converted into AMP by phosphodiesterases. Acting as a second messenger, CAMP triggers the cell response by binding to the R subunit of CAMP-dependent protein kinases. This binding reaction results in the dissociation of the RC inactive complex, which leads to an increase in the active form of the kinase, the free C unit. In turn, the kinase may induce metabolic response by (directly or indirectly) phosphorylating regulatory enzymes.
In the case of transporting epithelial cells like those of kidney tubules, hormonal effects are expected to be primarily changes in transport or permeability properties. The underlying molecular events are still unknown. But, as depicted in Fig. 1 , one may reasonably assume these changes to be mediated via the phosphorylation, by CAMP-dependent protein kinases, of specific protein components (S) located in, or close to, the membrane where the regulated transport system is operating.
In any case, the nature of the hormonal effect induced via CAMP depends entirely on the differentiation and functions of the responsive cell type itself.
Presently, only two CAMP-mediated hormonal effects are well established for kidney tubular cells. The first is the antidiuretic action of vasopressin in collecting tubules, which results from an increase in permeability to water of the apical cell membranes, as demonstrated by Strewler and Orloff (26) The second hormonal effect is the phosphaturic action of parathyroid hormone (PTH), which results from an inhibition of the sodium-phosphate cotransport process located in the brush border of proximal tubules (10).
With respect to the many other epithelial cell types present in the different nephron portions, we have almost no information about the nature of possible hormonal effects induced via CAMP.
We mentioned that membrane-bound adenylate cyclase is a key enzyme for transducing and amplifying various extracellular hormonal signals into a common intracellular messenger. Therefore, measurements of hormone-dependent adenylate cyclase activity can be used as a means to establish, in vitro, whether receptors specific to a given hormone are present in cell membrane fractions.
By using this type of approach, Chase and Aurbach (9) showed that adenylate cyclase contained in homogenates from kidney tissue can be stimulated by various hormones. They include not only vasopressin and parathyroid hormone, but also calcitonin (18) and padrenergic agonists (19), among others. These studies demonstrated that, via CAMP generation, many hormones act in the kidney as they do in other target tissues. It was, however, not possible to establish from these experiments which types of kidney cells were responsive to each hormone, since homogenates were used that contained a mixture of membranes from all cell types present in the living kidney tissue.
Adenylate Cyclase Microassay
In order to overcome this major limitation, we developed a microtechnique that allows hormone-dependent adenylate cyclase activity to be measured in samples containing a single, well-localized piece of tubule isolated by microdissection from collagenase-treated kidney tissue (13, Zl) . In this discussion, only the general procedure we used wilI be mentioned.
The kidney tissue is first treated with collagenase. Microdissection is then performed by hand in ice-cold
Hank's solution under stereomicroscopic observation. Pieces from nearly all segments of the nephron can be isolated under these conditions. In rat and human kidneys, however, the middle portion of the distal convoluted tubule cannot be sampled, due to its fragility and twisted organization.
Each piece of tubule is sampled separately and photographed for subsequent length measurement (the length of the samples generally ranged from 0.2 to 1.0 mm). The tubular cells are then disrupted by submitting the samples to an osmotic shock and a short freezing period. Adenylate cyclase activity is measured by incubating the samples under the conditions currently used by the biochemists, except that [cu-32P]ATP of a higher specific radioactivity is required, since the incubation volume is only 2.5 ~1 per sample.. convoluted tubule, CCT the cortical collecting tubule, and MCT the medullary collecting tubule.
As shown in Fig. 2 , the distal convoluted tubule was subdivided into an early DCTb portion and a late DCT, portion. The cortical collecting tubule was also subdivided: CCT, corresponds to the portion of collecting tubules that forms arcades in the rabbit kidney cortex, whereas CCTl corresponds to the portion located in medulIary rays of the cortex.
These subdivisions of DCT and CCT were introduced for two reasons (20) . The first is morphological. We noted under stereomicroscopic observation that the so-called distal convoluted tubule-that is, the nephron portion includ .ed between the macula densa (MD in the figure) and the first branching with another tubule-does not have a uniform appearance. We called the early portion DCTb in view of its "bright" appearance, and the late portion DCT, because of its "granular" appearance, which resembles that of the adjacent collecting tubule
The second, more important, reason justifying this subdivision is enzymatic. When these successive nephron a portions were separated from each other for measuring PTH-dependent adenylate cyclase activity, PTH clearly appeared to induce no effect either in DCTb or in CCT1. In contrast, PTH stimulated, to a high and almost similar extent, the adenylate cyclase activity present in DCT, and CCT,. Therefore, a functional segmentation of PTHdependent adenylate cyclase activity was observed in distal and collecting tubules tha t was superimposed on the m .orphological segmentation descri .bed above. Other hormones led to the same conclusion. Moreover, sharp transitions were noted between responsive and nonresponsive successive portions. However, this clear-cut functional segmentation of the distal nephron in the rabbit was not present in the other species we have investigated to date (mouse, rat, and human kidneys).
Before summarizing the results as a whole and discussing a few points of general importance, it is necessary to question the physiological relevance of our in vitro adenylate cyclase microassay, which is performed under standard conditions different from those present in the living kidney.
We do not think that the hormonal responses we measure might be nonspecific pharmacological effects, but rather that they reveal the presence of specific receptors on the basis of the following evidence: a) each tested hormone elicited a very specific and highly reproducible pattern of activation in the successive nephron portions; b) adenylate cyclase stimulations achieved by a hormone on its responsive segments are very high and correspond to stimulated-over-basal activity ratios ranging from 10 to 50 or more, depending on hormones and segments; and, most important, c) the sensitivity of the enzyme to low hormonal concentrations was well preserved under the conditions of the microassay. Sensitivity was measured for all the hormones by establishing dose-response curves in the main responsive segments.
As a fast example, such curves were established for PTH in three responsive segments from the same rabbit kidney: proximal convoluted tubules (PCT), cortical thick ascending limbs (CAL), and granular distal convoluted tubules (DCT,). Half-maximal stimulations corresponded to approximately 200 mu/ml in the three structures, which then exhibited the same sensitivity to PTH (5). Since the proximal tubule is a well-established physiological target site for PTH action, the same should apply to CAL and DCT, as well. It could be argued that the maximal responses elicited per millimeter of tubule were lower in DCT,, and even more so in CAL than in PCT. But these differences in response vanish when the results are corrected for the differences in tubular diameter or when they are expressed per unit protein content.
The second example concerns the sensitivity to vasopressin as established in two segments of the rat kidney, the medullary collecting tubule and the medullary thick ascending limb. In these experiments, ha+f-maximal responses were always obtained with higher arginine vasopressin (AVP) concentrations in MAL than in MCT. Nevertheless, the apparent KA of activation was about lo-' M in thick ascending limbs, indicating high sensitivity (16).
More important, it should be noted that in collecting tubules the lo-l1 M vasopressin concentration induced a highly significant, more than twofold stimulation. Such a low threshold concentration is of physiological releVance, since it is equivalent to about 5 PU AVP/ml, a value that falls in the range of the values measured in blood plasma by radioimmunoassay.
For the different hormones used, the molar threshold concentrations had the following orders of magnitude:
lo-' for isoproterenol (6), lo-" for PTH and glucagon (1)) 10-l' for vasopressin (16)) and lo-l2 for calcitonin (7).
It may therefore be concluded that the technique used reveals physiological action sites for a number of hormones. At the same time, some of these hormones might additionally regulate other kidney cell types through primary mechanisms of action different from a .denylate cyclase stimulation. For instance, this holds for catecholamine action through a-receptors and for the vascular and glomerular effects of vasopressin.
Obviously it also applies to hormones like angiotensin, insulin, thyroid hormones, and steroid hormones in general.
Distribution
of Hormone Action Sites Along the Rabbit Nephron the situation is not so clear in other animal species. c) Regarding vasopressin action sites, note that AVP, in addition to its well-known action in collecting tubules, also stimulated adenylate cyclase all along the ascending limb of Henle's loop (14), including the thin ascending limb (15). In contrast, AVP was inactive in the rabbit distal convoluted tubule. Here again there is no reason to assume that vasopressin should increase cell permeability to water in the ascending limb as it does in the collecting tubule, since the cell types are different.
h) Looking at Fig. 2 in another way, it appears that the enzyme present in all nephron portions was responsive to at least one hormone, with the exception of the thin descending limb (TDL), which responded to none of the agonists tested up to now. Moreover, some segments, particularly those included in the middle nephron, were sensitive to two and even three different hormones.
The observation that certain nephron portions contain d) Isoproterenol (6) was inactive in the proximal tubule, the loop of Henle, and the bright portion of the distal convoluted tubule (DCTb). In contrast, the granular portions of the distal tubule (DCT,) and of the cortical collecting tubule (CCT,) were highly responsive. Isoproterenol also stimulated-but to a much lesser extentthe adenylate cyclase activity present in the light portion of the collecting tubule (CCTl).
adenylate cyclase sensitive to several hormones raises the question of whether each hormone activates a different pool of enzyme in the structure (and therefore may induce a specific final effect), or whether each activates the same pool of adenylate cyclase through specific receptors. In the latter case, all hormones should elicit the same final effect. This kind of problem can be approached in vitro by investigating whether adenylate cyclase stimulations induced by each hormone separately are additive In these responsive nephron portions, isoproterenol activated adenylate cyclase via P-receptors, since, as expected, the effects induced in DCT, samples by either lo-" M isoproterenol or 10s6 M norepinephrine were completely suppressed by a P-blocker, propranolol, whereas an cx-blocker, phentolamine, had no effect. The same holds for the smaller effect elicited by isoproterenol in light collecting tubules (6). It may be concluded that /?-adrenergic receptors coupled with adenylate cyclase exist in certain well-localized tubular cells of the rabbit nephron.
when the hormones are tested simultaneously.
When such experiments were performed for effects of PTH and isoproterenol in granular distal tubules, the responses to both hormones were always fully additive (6). The results suggest-although they do not provethat in rabbit DCT,, PTH and isoproterenol stimulated segregated pools of adenylate cyclase, which might correspond, for instance, to different cell t.ypes. We already ---mentioned that DCT,, in fact, exhibits a heterogeneous cell composition when examined by electron microscopy (17) . e) When calcitonin-dependent adenylate cyclase was investigated (synthetic salmon calcitonin, SCT, 10 ng/ ml), a different, specific pattern of response was obtained (7) (Fig. 2) . Three nephron portions contain calcitoninsensitive cyclase: the medullary portion of the thick ascending limb, the cortical portion of the thick ascending limb, and the bright portion of the distal tubule (DCTb). None of the other segments exhibited any significant response. Note that calcitonin stimulates adenylate cyclase in DCTb but not in DCT,; the reverse situation was observed with PTH and isoproterenol.
Distribution of Hormone Action Sites Along the Rat Nephron
Let us now briefly discuss the results we obtained in the rat (Fig. 3) . Many of these data are recent and still unpublished. PTH f) More generally, each hormone clearly stimulated several well-defined nephron portions of the rabbit kidney. These may be separated from each other by unresponsive portions, as is the case for PTH and vasopressin, or may be in anatomical continuity, as is the case for calcitonin and isoproterenol.
In any event, anatomical continuity does not mean too much with respect to biological effects, since different cell types may be present in adjacent portions as well. For glucagon, the results are given in Ref. 1 , and for vasopressin they are given in part in Refs. 16 and 22.
The high responsiveness of the adenylate cyclase to glucagon (1) in different rat nephron portions was an unexpected finding. On the other hand, the vasoactive intestinal peptide (VIP) was completely inactive.
With regard to the other hormones, the patterns of adenylate cyclase activation obtained in the rat resemble those of the rabbit. A few clear-cut species differences, however, deserve mention.
a) The response elicited by vasopressin in the medullary thick ascending limb is much greater both in relative and absolute values in the rat (16) than in the rabbit (14). b) Although the DCT middle portion was not sampled in the rat, no clear-cut distal segmentation with sharp transitions could be observed in this species. All accessible DCT portions responded, to some extent, to five of the six hormones tested. Four or more different intermingled cell types were reported to be present in various proportions along the rat distal convoluted tubule. Thus, in rat DCT, adenylate cyclase responsiveness to many hormones may be accounted for by high cell heterogeneity.
c) The situation is different with the rat cortical thick ascending limb, since this nephron portion is known to be homogeneous at the cell level. CAL, nevertheless, contains adenylate cyclase highly responsive to PTH, calcitonin, glucagon, and less responsive to isoproterenol and vasopressin.
The presence of segregated pools of adenylate cyclase with different hormonal requirements was investigated in rat CAL by performing additivity experiments.
When PTH and calcitonin were tested, no additive effects were observed (22). When three hormones were used simultaneously in similar rat CAL experiments (PTH, calcitonin, and glucagon), again no additive effect was obtained. These data strongly suggest the presence in rat CAL of a single pool of hormone-dependent cyclase activity. The data also indicate that, at a high concentration, one hormone only was sufficient to fully activate the enzyme. As a consequence, the receptors specific to the three hormones had to be coupled to the same adenylate cyclase units (i.e., they must be present in the same cell type). Finally, PTH, calcitonin, and glucagon should be assumed to produce the same common physiological effects in rat cortical thick ascending limbs, whatever these effects may be. This deduction would be incorrect if some of these hormones also acted on this tubular structure through any other primary mechanism in addition to adenylate cyclase stimulation.
Vasopressin Action Sites
No speculation will be presented here about the possible nature of the physiological responses elicited by hormones via CAMP in the various nephron portions. The biochemical approach used in the present experiments cannot alone provide any information about this important matter. The systematic use of in vitro single tubule microperfusion techniques seems to be the only approach available at the present time that would directly help answer the numerous questions remaining to be solved. Let me briefly illustrate this kind of problem with an example. This example will concern the possible F163 nature of the action elicited by vasopressin in the medullary portion of the thick ascending limb. Figure 4 shows the distribution of vasopressin action sites we found in four different species. High stimulations were observed in the collecting tubules of all the species. This agrees with the well-established antidiuretic action of ADH in these species. In contrast, clear-cut species differences were noted with respect to the responses to AVP in other tubular portions, in particular the distal tubules and medullary thick ascending limbs. This latter tubular portion was highly responsive to AVP in rat and mouse, less responsive in rabbit, and completely unresponsive in the human (3).
Physiologically, the medullary thick ascending limb is known to reabsorb salt in excess of water via a mechanism involving active chloride transport through waterimpermeable tubular walls, as demonstrated in in vitro microperfusion experiments by Burg and Green (2) and Rocha and Kokko (23). We therefore suggested that AVP might regulate salt reabsorption in this segment (16). Very recently Hall and Varney (12) and Sasaki and Imai (25) obtained direct experimental evidence supporting this hypothesis.
These authors recorded in vitro stimulatory effects of vasopressin on transepithelial potential difference and chloride transport in microperfused medullary thick segments from mouse and rat kidneys.
On the other hand, a rough correlation exists among these four species between the adenylate cyclase responsiveness of the thick ascending limb to vasopressin and the ability of the kidney to concentrate urine. This observation also argues in favor of a role played by vaso- pressin in the concentrating mechanism through a regucially to the human, the physiological results obtained in latory action on thick ascending limb functioning. laboratory animal species. Finally, the main purpose of this lecture was to demConclusion onstrate that biochemical approaches can be used as a means of investigating, almost at the cell level, problems In any event, the existence of marked species differdealing with kidney physiology. But the biochemical ences in adenylate cyclase sensitivity to hormones calls for great caution in extrapolating to other species, espe-
